Glucocorticoid-induced leucine zipper (GILZ) exerts anti-inflammatory effects on the immune cells. However, less is known about GILZ function in neutrophils. We aimed to define the specific role of GILZ in basal neutrophil activity during an inflammatory response. GILZ knockdown resulted in a persistent activation state of neutrophils, as evidenced by increased phagocytosis, killing activity, and oxidative burst in GILZ-knockout (KO) neutrophils. This enhanced response caused severe disease in a dinitrobenzene sulfonic acid (DNBS)-induced colitis model, where GILZ-KO mice had prominent granulocytic infiltrate and excessive inflammatory state. We used a Candida albicans intraperitoneal infection model to unravel the intracellular pathways affected by GILZ expression in activated neutrophils. GILZ-KO neutrophils had stronger ability to clear the infectious agent than the wild-type (WT) neutrophils, and there was more activation of the NOX2 (NADPH oxidase 2) and p47 phox proteins, which are directly involved in oxidative burst. Similarly, the MAPK pathway components, that is, ERK and p38, which are involved in the oxidative burst pathway, were highly phosphorylated in GILZ-KO neutrophils. Evaluation of GILZ expression kinetics during C. albicans infection revealed down-regulation that correlated inversely with the state of neutrophil activation, which was evaluated as oxidative burst. Overall, our findings define GILZ as a regulator of neutrophil functions, as its expression contributes to limiting neutrophil activation by reducing the activation of the signaling pathways that control the basal neutrophil functions. Controlling GILZ expression could help regulate a continuous inflammatory state that can result in chronic inflammatory and autoimmune diseases.
INTRODUCTION
Glucocorticoid-induced leucine zipper (GILZ) is a dexamethasoneinducible gene that mediates the effects of glucocorticoids.
Other groups and ours have demonstrated that GILZ exerts antiinflammatory properties, as shown in several animal models of autoimmune/inflammatory diseases. 1, 2 At cellular level, GILZ induces Abbreviations: AUC, area under the curve; DNBS, dinitrobenzene sulfonic acid; GILZ, glucocorticoid-induced leucine zipper; Gr-1, granulocyte receptor-1 antigen; KO, knockout; LP, lamina propria; LPS, lipopolysaccharide; MPO, myeloperoxidase; NET, neutrophil extracellular trap; NOX2, NADPH oxidase 2; PAMP, pathogen-associated molecular patterns; phospho-, phosphorylated; PMA, phorbol myristate acetate; PMN, polymorphonuclear neutrophil; PRR, pattern recognition receptors; ROS, reactive oxygen species; RT-qPCR, quantitative real-time PCR; SAB+CAF, Sabouraud agar plus chloramphenicol; Treg, T regulatory cells; WT, wild-type anergy in T cells, promotes Th2 commitment, elicits IL-17 release by CD4 cells, and contributes to peripheral generation of T regulatory cells (Tregs). [3] [4] [5] [6] In the innate immune cell compartment, GILZ was up-regulated in alveolar macrophages in a model of LPS tolerance, and GILZ-deficient macrophages displayed higher responsiveness toward LPS due to increased ERK activation. 7 In human neutrophils, GILZ promotes apoptosis, whereas we have demonstrated that GILZ is necessary for inhibiting glucocorticoids-induced neutrophil migration to sites of inflammation. 8 At molecular level, GILZ can homo-and heterodimerize with partner proteins, including NF-B, thereby inhibiting the transcription of downstream During the inflammatory process, many cell types participate in the immune response, but neutrophils represent the first cells to extravasate into inflammation sites. Neutrophils recognize pathogens through receptors (pattern recognition receptors: PRRs) that bind to microbe molecules (pathogen-associated molecular patterns: PAMPs).
Once neutrophils are activated, they eliminate bacteria through the release of granule proteins, reactive oxygen species (ROS) production, killing and phagocytic capabilities, and neutrophil extracellular trap (NET) production. ROS production depends on the activation of NADPH oxidase, an enzymatic system that transfers electrons from cytosolic NADPH to phagolysosomal O 2 to produce superoxide anion (O 2 − ). NADPH oxidase activation leads to respiratory burst, which consists of increased oxygen consumption by neutrophils. 10, 11 In the resting cell, some NADPH oxidase components, such as p40 phox , p47 phox , and p67 phox exist as a complex in the cytosol. Other NADPH oxidase components are p22 phox and gp91 phox (NADPH oxidase 2, NOX2), which are located in the secretory vesicle membranes. 12 NOX2 stabilizes p22 phox to form its membrane component, thereby regulating NADPH activity. 10 If excessive ROS production occurs as a consequence of uncontrolled NADPH activity, it results in tissue damage and a persistent inflammatory state. 13, 14 Strict control of ROS production and of overall neutrophil activation is therefore required to resolve the inflammation caused by infection. The aim of this study was to unravel the function of GILZ in the control of neutrophil activity in both in vitro experimental conditions and an in vivo mouse model of infection.
MATERIALS AND METHODS

Animals
Male C57BL/6 GILZ-knockout (KO) and wild-type (WT) littermate mice (8-12 wk old) were generated as previously described and kept under specific pathogen-free conditions. 15 
Candidacidal activity of peritoneal neutrophils
Peritonitis was induced in the mice by intraperitoneal administration of 0.5 ml 10% thioglycolate. After 4 h, peritoneal cells were collected by peritoneal wash with cold PBS. Peritoneal neutrophils from the WT or GILZ-KO mice (4 × 10 6 /ml) were incubated with 1 M 2 ′ ,7 ′ -dichlorofluorescein diacetate for 30 min at room temperature. The cells were then reacted with PMA (100 ng/ml) or Candida albicans (strain CA-6, 2 × 10 6 /ml), and the fluorescence emission was measured as previously described. 15 Killing activity of peritoneal neutrophils was determined by CFU inhibition assay. Briefly, peritoneal neutrophils 
Murine models of colitis
Colitis was induced with dinitrobenzene sulfonic acid (DNBS) as previously described. 4 The mice were sacrificed 2 days after colitis induction, the colons were recovered, and their length was measured. Damage score, histology, and lamina propria (LP) cells were analyzed and extracted as previously described. 16 
Murine model of intra-abdominal C. albicans infection
The WT and GILZ-KO mice were intraperitoneally administered with 0.2 ml C. albicans (CA-6 strain, 3.5 × 10 7 /ml). After 1, 4, and 18 h, the mice were sacrificed and their peritoneal cavities were washed with 2 ml RPMI 1640 medium. The C. albicans burden in the peritoneal lavage fluid was assessed after serial dilution and plating on Sabouraud agar plates containing chloramphenicol (50 g/ml) (SAB+CAF) as previously described. 18 The percentage of granulocyte receptor-1
antigen-positive (Gr-1 + ) neutrophils in the peritoneal lavage fluid cellular fractions was determined as previously described. 15 
Quantitative real-time PCR (RT-qPCR)
RT-qPCR was performed as previously described. 8 A TaqMan Gene Expression Master Mix was used to detect IL-1 , IL-12a, TNF-, and IL-6; SYBR Green Master Mix (Thermo Fisher Scientific) was used to detect -actin and GILZ. Supplemental Figure 1 lists the probes and primers.
Western blotting
Western blotting was performed with anti-mouse antibodies against 
Statistical analysis
Statistical analysis was performed with Prism 6.0 software (GraphPad).
The 2-tailed unpaired Student's t-test was used for statistical comparisons (*P < 0.05, **P < 0.01, ***P < 0.001). For CFU counts, the Mann Whitney U test was used as previously described. 19 
RESULTS AND DISCUSSION
Characterization of GILZ-KO neutrophil functions
We explored the anti-inflammatory protein GILZ in the context of neutrophil activation. Previously, we discovered that GILZ is a mediator protein through which glucocorticoids inhibit neutrophil migration to sites of inflammation, thereby playing a role in a pivotal neutrophil function. We therefore sought to find any physiologic function associated with GILZ expression in neutrophils. To this end, we recovered and analyzed the phagocytic and killing activity of peritoneal neutrophils from WT and GILZ-KO mice with thioglycolate-induced peritonitis. The GILZ-KO neutrophils had significantly higher activity than the WT cells (Fig. 1A) . Similarly, oxidative burst was higher in GILZ-KO neutrophils than in WT cells when they were exposed to PMA or C. albicans (Fig. 1B) . The absence of GILZ in the GILZ-KO mice does not result in any differences in the expression of specific neutrophil surface markers, as previously demonstrated. 8 Nevertheless, we found that, under in vitro experimental settings, GILZ-KO neutrophils are characterized by increased phagocytosis, killing activity, and oxidative burst. These observations suggest that GILZ limits neutrophil activation physiologically, which ultimately can result in persistent and chronic inflammation, if left uncontrolled.
GILZ-KO neutrophil activation in an acute colitis model
To investigate the in vivo functions of GILZ-KO neutrophils, we induced colitis in GILZ-KO and WT mice. Neutrophil numbers peak 24-48 h after such inflammatory stimulus. Therefore, we examined the mice for clinical signs of colitis on the first and second day after induction of colitis. GILZ-KO mice had significantly greater body weight loss than the WT mice ( Fig. 2A) . Accordingly, the GILZ-KO mice had increased damage score (Fig. 2B ) and significantly shortened colon length (Fig. 2C) , and histologic analysis revealed prominently granulocytic cellular infiltrate LP (Fig. 2D) . Interestingly, significantly more neutrophils were recovered from the LP cells of the GILZ-KO mice, which correlated with significantly higher MPO activity (Fig. 2E) . During the onset of colitis, the infiltrating cells release several pro-inflammatory cytokines.
RT-qPCR evaluation revealed significantly increased expression of the pro-inflammatory cytokines IL-1 , IL-12, TNF-, and IL-6 in the GILZ-KO colitic mice (Fig. 2F) . During acute colitis, neutrophils infiltrate the mucosa quickly, and in the absence of GILZ, cause more severe disease 
Intracellular signaling pathways affected by GILZ expression in a C. albicans infection model in vivo
To study neutrophil functions in a mouse model of infection, we used an in vivo model of C. albicans intra-abdominal peritonitis. At 4 h after induction, both WT and GILZ-KO mice had similar numbers of neutrophils, which were recruited to the peritoneum and evaluated as Gr-1 + cells. However, the peritoneal lavage fluid of the GILZ-KO mice had significantly lower C. albicans burden than that of the WT mice (Fig. 3A) . This demonstrated greater ability of GILZ-KO neutrophils to clear the pathogen due to their highly activated state. Therefore, the same "braking" mechanism operated by GILZ in neutrophil activation in colitis was also observed in this model of inflammatory response caused by pathogen infection.
As our data demonstrate that the absence of GILZ determines a higher state of neutrophil activation (Fig. 1) , we investigated the GILZ-regulated intracellular signaling pathways. We first analyzed the expression of NOX2, whose activity controls the release of oxidative reactive species, in the C. albicans intra-abdominal peritonitis model, and found deregulated NOX2 expression in the GILZ-KO mice (Fig. 1B) . The GILZ-KO peritoneal neutrophils had high NOX2 Step 1: Neutrophil activation; step 2: GILZ inhibition of the MAPK pathway; step 3: subsequent inhibition of inflammation expression levels as compared to the WT cells (Fig. 3B) . A similar result was obtained when we analyzed p47 phox , which is directly involved in NOX2 activation (Fig. 3B) . The GILZ-KO neutrophils had more than 2-fold expression of p47 phox when compared with the WT cells. As p38 MAPK activates p47 phox , we sought to determine variations in the phosphorylation state of p38. 21 We found an increase of as much as 2-fold in the phosphorylation state of p38 in the GILZ-KO neutrophils (Fig. 3B) . Finally, as ERK plays a pivotal role in p38 activation in the MAPK signaling cascade, we analyzed ERK phosphorylation. GILZ-KO neutrophils had higher ERK phosphorylation levels than the WT cells (Fig. 3B ). This altered MAPK signaling pathway could account for the elevated activity of neutrophil function in the absence of GILZ. p38
MAPK and ERK are pivotal proteins in neutrophil function and are phosphorylated upon ROS production. [22] [23] [24] In GILZ-KO neutrophils, a higher level of p38 MAPK kinase and ERK phosphorylation than that of WT cells has been observed here, suggesting a role for GILZ in the restraint of neutrophil activation via this signaling pathway. GILZ was previously demonstrated to affect the MAP kinase signaling pathway by inhibiting some of its members, such as Raf/Ras, p38 and ERK. 3, [25] [26] [27] The expression of GILZ is very likely needed to inhibit the MAP kinase pathway signaling, which is activated by the ROS production and the oxidative burst, thus limiting an excessive neutrophil response. Such effect of GILZ overlaps that of glucocorticoids, which have been previously demonstrated to down-regulate the expression of NOX2 and subsequent ROS production as well as inhibit some members of the MAP kinase family. [28] [29] [30] [31] Moreover, the imbalance of ROS, resulting in ROS overproduction, has been found to be involved in Inflammatory
Bowel diseases (IBDs). 32 In our models, including colitis, GILZ therefore seems to play a pivotal role in controlling the amount of ROS release by regulating the activity of the NOX enzyme and the downstream activating pathways, which is important to limit the inflammatory damage.
GILZ expression during neutrophil activation
We next measured the oxidative burst in the C. albicans intraabdominal peritonitis model at 1, 4, and 18 h after induction of infection and found a progressive increase over time in WT neutrophils (Fig. 4A) . We evaluated GILZ expression in the same samples using RT-qPCR (Fig. 4B) . The oxidative burst from the neutrophils of each mouse was calculated as the area under the curve (AUC) and compared with GILZ expression (Fig. 4B) . When the oxidative burst increased after 18 h, GILZ expression decreased significantly (Fig. 4B ). This observation is in line with the earlier data on the GILZ-KO neutrophils in this work, where the absence of GILZ promoted sustained neutrophil activation, suggesting GILZ is a brake protein in neutrophil activation. Overall, our data enable the identification of an intracellular pathway controlled by GILZ expression, which adds to other forms of regulation of polymorphonuclear neutrophils (PMNs), such as PMN trafficking cascade control by ITIM domains that regulate the PMN signal transduction pathways negatively, thereby preventing excessive tissue damage. 33 When GILZ is absent, uncontrolled activation of the intracellular signaling pathways devoted to triggering neutrophil functions occurs, with persistent activation. Conversely, GILZ expression can inhibit MAPK activation and consequently ROS production, thereby reducing neutrophil activation (Fig. 4C) . The inhibition of activation prevents the further secretion of pro-inflammatory cytokines by neutrophils for the recruitment of leukocytes in the inflammation site. [34] [35] [36] However, the regulatory mechanism that controls GILZ expression still requires further studies. The present study demonstrates that GILZ is a pivotal protein in neutrophil function and may represent a pharmacologic tool for treating inflammatory pathologies in which the neutrophilic component plays a pathophysiologic role. and C.R. co-wrote the manuscript; and E. Ricci, S.R., E.P., and E.G.
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